Natural selection operating at the amino acid sequence level can be detected by comparing the rates of synonymous (r S ) and nonsynonymous (r N ) nucleotide substitutions, where r N /r S (ω) > 1 and ω < 1 suggest positive and negative selection, respectively. The branch-site test has been developed for detecting positive selection operating at a group of amino acid sites for a pre-specified (foreground) branch of a phylogenetic tree by taking into account the heterogeneity of ω among sites and branches. Here the performance of the branch-site test was examined by computer simulation, with special reference to the false-positive rate when the divergence of the sequences analyzed was small. The false-positive rate was found to inflate when the assumptions made on the ω values for the foreground and other (background) branches in the branch-site test were violated. In addition, under a similar condition, false-positive results were often obtained even when Bonferroni correction was conducted and the false-discovery rate was controlled in a large-scale analysis. False-positive results were also obtained even when the number of nonsynonymous substitutions for the foreground branch was smaller than the minimum value required for detecting positive selection. The existence of a codon site with a possibility of occurrence of multiple nonsynonymous substitutions for the foreground branch often caused the branch-site test to falsely identify positive selection. In the re-analysis of orthologous trios of protein-coding genes from humans, chimpanzees, and macaques, most of the genes previously identified to be positively selected for the human or chimpanzee branch by the branch-site test contained such a codon site, suggesting a possibility that a significant fraction of these genes are false-positives.
INTRODUCTION
Natural selection operating at the amino acid sequence level can be detected by comparing the rates of synonymous (r S ) and nonsynonymous (r N ) nucleotide substitutions. Under the assumption that the synonymous substitution is selectively nearly neutral, r N /r S (ω) > 1 and ω < 1 suggest positive and negative selection, respectively (Hughes and Nei, 1988) . In a protein, the biological function and the physicochemical environment not only vary at different amino acid sites but also change with time during evolution. Therefore, the direction and magnitude of natural selection may vary at different amino acid sites as well as for different branches of the phylogenetic tree under investigation.
The branch-site test has been developed for detecting positive selection operating at a group of amino acid sites for a pre-specified (foreground) branch of a phylogenetic tree by taking into account the heterogeneity of ω among sites and branches (Yang and Nielsen, 2002; Zhang et al., 2005) . Multiple nucleotide sequences of protein-coding genes are compared under the assumption that their phylogenetic relationship is known. In the modified model A, codon sites are assumed to be classified into site classes 0, 1, 2a, and 2b, which exist with proportions p 0 , p 1 , p 2a [= (1 -p 0 -p 1 )p 0 /( p 0 + p 1 )], and p 2b [= (1 -p 0 -p 1 )p 1 / ( p 0 + p 1 )], respectively. In site class 0, negative selection is assumed to operate for both the foreground and other (background) branches (0 < ω 0 < 1). In site class 1, no
Edited by Hidenori Tachida * Corresponding author. E-mail: yossuzuk@lab.nig.ac.jp selection is assumed to operate for either the foreground or background branches (ω = 1). In site class 2a, positive selection is assumed to operate for the foreground branch (ω 2 > 1), whereas negative selection is assumed for the background branches (ω = ω 0 ). In site class 2b, positive selection is assumed to operate for the foreground branch (ω = ω 2 ), whereas no selection is assumed for the background branches (ω = 1). The null model is the same as this model, except that no selection is assumed to operate for the foreground branch (ω = 1) in site classes 2a and 2b. The likelihood function is formulated based on the codon substitution model (Goldman and Yang, 1994; Muse and Gaut, 1994) , and free parameters are estimated by the maximum likelihood method. Positive selection is inferred to have operated for the foreground branch if the log-likelihood (lnL) of the modified model A is greater than that of the null model at the 5% significance level in the likelihood-ratio test (LRT), which is conducted under the assumption that twice the difference in lnL (2ΔlnL) is asymptotically distributed as an equal mixture of a point mass on 0 and χ 1 2 However, since the test may be biased because of violation of the assumptions made for the model and a small sample size, it is recommended to use χ 1 2 to make the test conservative.
The branch-site test has been widely used. One of the recent applications of this test is Bakewell et al.'s (2007) large-scale analysis of 13,888 orthologous gene trios from humans, chimpanzees, and macaques, where positive selection was detected for 154 and 233 genes for the human and chimpanzee branches, respectively. Computer simulation mimicking this analysis was conducted, and it was concluded that the test was reliable (Bakewell et al., 2007) . However, because the simulation was conducted for a limited number of conditions, the reliability of their conclusion remains unclear.
The purpose of the present study was to examine the performance of the branch-site test by computer simulation, with special reference to the false-positive rate when the divergence of the sequences analyzed was small. The significance of false-positive results in the real data analysis is discussed.
MATERIALS AND METHODS

Computer simulation
Computer simulation was designed to mimic the analysis of orthologous trios of protein-coding genes from humans, chimpanzees, and macaques. The parameter values used in the simulation were obtained from the real data analysis. The analysis of 13,888 genes from these species showed that the average number of codon sites (n) in a gene was 432 (Bakewell et al., 2007) . The average number of synonymous substitutions per synonymous site (b S ) for the human, chimpanzee, and macaque branches of the phylogenetic tree were approximately 0.006, 0.006, and 0.058, respectively. The average ω over all codon sites was 0.259, 0.245, and 0.226 for the human, chimpanzee, and macaque branches, respectively, and the average ω over all codon sites for all branches was 0.247 (Rhesus Macaque Genome Sequencing and Analysis Consortium, 2007) . The transition/transversion rate ratio (κ) was approximately 4 (Rosenberg et al., 2003; Jiang and Zhao, 2006) .
On the basis of this information, three sequences with n = 450 were generated according to the phylogenetic tree as shown in Fig. 1 (Suzuki and Gojobori, 1999) . b S 's were set to be 0.006, 0.006, and 0.06 for the human, chimpanzee, and macaque branches, respectively. It was assumed that the equilibrium frequencies for 61 sense codons were the same (1/61) and that κ = 4. ω was assumed to be 0.25 at all codon sites for both the foreground (ω F ) and background (ω B ) branches. In addition, since the parameter values may be heterogeneous among genes in the real data analysis, the simulation was also conducted under the assumptions that n = 750, κ = 2, ω F = 1, and ω B = 0, 1, and 5. In the present study, only one site class was assumed for generating sequences in the computer simulation, which was much simpler than in Bakewell et al. (2007) , where up to 10 site classes were assumed. Although the assumption that ω B = 5 at all codon sites may be unrealistic, this was useful for clarifying the statistical properties of the branch-site test.
The sequences generated were analyzed by the branchsite test using the computer program PAML (version 3.15) (Yang, 2007) . The human branch was assumed as the foreground branch, but this was the same as assuming the chimpanzee branch as the foreground branch, because the lengths of the human and chimpanzee branches were the same (Fig. 1) . The initial value of ω in the estimation of ω 0 and ω 2 was 0.4. The numbers of synonymous (c S ) and nonsynonymous (c N ) substitutions that have occurred for the human branch were estimated by comparing the ancestral nucleotide sequence at the interior node, which was inferred using the maximum parsimony (MP) method, with the human sequence. The true values of c S and c N were approximately obtained by comparing the true sequence at the interior node, which was available during generation of simulated sequences, with the human sequence. The entire process was repeated 14,000 times. Bonferroni correction for multiple testing was applied to the test. In addition, the false- discovery rate (FDR) was also controlled to be 5% by using QVALUE (Storey, 2002) .
Real data analysis The 13,888 genes from humans, chimpanzees, and macaques that were studied by Bakewell et al. (2007) were re-analyzed to examine the nucleotide substitutions that have occurred for the human and chimpanzee branches of the phylogenetic tree. The MP method was used to infer the ancestral nucleotide sequence at the interior node, and the nucleotide substitutions that have occurred for the human and chimpanzee branches were inferred by comparing the ancestral sequence with the human and chimpanzee sequences, respectively. Minimum value of c N required for detecting positive selection When c S and c N as well as the numbers of synonymous (s S ) and nonsynonymous (s N ) sites are given, positive selection can be detected by computing the exact P value for obtaining the observed or the greater value for c N under the assumption that c S and c N follow a binomial distribution with the probabilities for occurrence of synonymous and nonsynonymous substitutions given by s S /(s S + s N ) and s N /(s S + s N ), respectively (one-tailed test). Therefore, the minimum value of c N required for detecting positive selection at the 5% significance level is positively correlated with s N /(s S + s N ) and c S . s S and s N are different among 61 sense codons. However, when κ = 4, the smallest value of s N is 1.33 (s S = 1.67) for codons CTA and CTG, indicating that s N /(s S + s N ) cannot be smaller than 0.44 for any sequence. Therefore, the minimum value of c N required for detecting positive selection can be obtained as the value required under the assumptions that s N /(s S + s N ) = 0.44 and c S = 0, and the value is 4. It should be noted that the minimum value is negatively correlated with κ. However, the value is 4 within the range of 3 ≤ κ ≤ 17, which is likely to contain the true value of κ for humans, chimpanzees, and macaques (Rosenberg et al., 2003; Jiang and Zhao, 2006) .
RESULTS
False-positive rates in the branch-site test Computer simulation was designed to mimic the analysis of 14,000 orthologous trios of protein-coding genes from humans, chimpanzees, and macaques ( Fig. 1) , by assuming various values for n, κ, ω F , and ω B . When n = 450, κ = 4, ω F = 0.25, and ω B = 0.25, positive selection was detected for the human branch in 99 cases (replications) by the branch-site test (Table 1) . c S and c N for the human branch as inferred by the MP method for the 99 cases were generally small (≤ 6 for both c S and c N ) and virtually identical with the true values, suggesting that the former values were reliable (Table 2) . It should be noted that, when κ = 4, it appears to be impossible for a statistical test to detect positive selection if c N < 4. However, among the 99 cases, inferred and true values of c N were < 4 for 67 and 65 cases, respectively. These results suggest that most of the cases for positive selection identified by the branch-site test were errors, although the falsepositive rate (0.71%) was < 5% in this case.
The false-positive rate did not change to any large extent when n and κ were assumed to be 750 and 2, respectively (Table 1) . However, the rate varied according to the ω B value. In particular, among the ω B values (0, 0.25, 1, and 5) used in the simulation, the falsepositive rate was relatively high when ω B = 0 and 5. It should be noted that the assumptions made for the ω F and ω B values in the branch-site test were violated for these cases. The false-positive rate generally increased when ω F was assumed to be 1. The rate fluctuated according to the ω B value in a similar manner to the case with ω F = 0.25, and exceeded 20% when n = 750, κ = 4, and ω B = 5.
Since positive selection was detected for > 100 genes for most of the parameter sets used in the simulation, a significant fraction of 154 and 233 cases of positive selection detected for the human and chimpanzee branches in the real data analysis (Bakewell et al., 2007) appeared to be false-positives. It should be noted that, in a large-scale analysis, false-positive results may be eliminated by conducting Bonferroni correction and by controlling the FDR. In fact, in the analysis of 13,888 genes from humans, chimpanzees, and macaques, positive selection was detected only for 2 and 21 genes for the human and chimpanzee branches, respectively, by using Bonferroni correction, and for 2 and 59 genes, respectively, by using the FDR (Bakewell et al., 2007) . To examine the effectiveness of Bonferroni correction and the FDR in the branch-site test, they were applied to the simulation described above. In both cases, false-positive results were often obtained especially when ω F > 0 and ω B = 0 (Table 1) , where the assumptions made for the ω F and ω B values in the branch-site test were violated. The results did not change to any large extent when different initial ω values were used in the computation for some cases (data not shown).
Interestingly, when the human sequence was compared with the true or inferred ancestral sequence at the interior node for the 99 cases in which positive selection was detected with n = 450, κ = 4, ω F = 0.25, and ω B = 0.25, there was a codon site where multiple codon positions were different with c N > 1 in 94 cases (Table 2) . For example, for case 8 in Table 2 , where positive selection appeared to be erroneously detected for the human branch because c N = 2 (< 4) for the entire sequence, the nonsynonymous substitution was observed only at one codon site. The codons at this site in the human and ancestral sequences were GGA and AAA, respectively, and both of two pathways for the consecutive occurrence of two nucleotide substitutions [AAA (encoding lysine) → GAA (glutamic acid) → GGA (glycine) and AAA → AGA (arginine) → GGA] contained c N = 2. Among the 14,000 replications, the codon site with c N > 1 existed in 125 and 124 replications when the human sequence was compared with the true and inferred ancestral sequences, respectively, indicating that there was a strong correlation between the existence of such a codon site and detection of positive selection (P = 4.07 × 10 -207 and 1.01 × 10 -207 in
Fisher's exact test, respectively). These results suggest that the existence of a codon site with a possibility of occurrence of multiple nonsynonymous substitutions for the foreground branch is a strong indication for the branch-site test to detect positive selection even if positive selection has not actually operated. This association appeared to be weakened as the ω F and ω B values became greater (Tables 3 and 4) .
Existence of a codon site with c N > 1 for the foreground branch in the positively selected genes detected in the real data analysis In the computer simulation, the branch-site test appeared to detect positive selection when there was a codon site with c N > 1 for the foreground branch. To examine whether such a codon site existed in the positively selected genes detected in the real data analysis, 13,888 genes from humans, chimpanzees, and macaques (Bakewell et al., 2007) were re-analyzed, and the results are summarized in Table  5 . Among the 154 and 233 genes for which positive selection was detected for the human and chimpanzee branches, such a codon site existed in 127 and 197 genes, respectively, suggesting that there was a strong correlation between the existence of such a codon site and detection of positive selection (P = 2.94 × 10 -223 and < 1.63 × 10 -322 in Fisher's exact test, respectively). In addition, among the 154 and 233 genes, c N < 4 in 53 and 82 genes for the human and chimpanzee branches, respectively. These results suggest that a significant fraction of positively selected genes that have been detected for the human and chimpanzee branches are false-positives. Among the 13,888 genes, the number of genes containing a codon site with c N > 1 for the chimpanzee branch (284) was greater than that for the human branch (210) (P = 0.00087 in χ 2 test). Although the reason for this observation remains to be elucidated, this may be a cause for Table 3 . Numbers of replications where c N was < 4 for the entire sequence and where positive selection was detected for the human branch when the inferred ancestral sequence was used in the computer simulation
a greater number of positively selected genes detected for the chimpanzee branch than for the human by the branch-site test (Arbiza et al., 2006; Bakewell et al., 2007) .
DISCUSSION
In the computer simulation, the false-positive rate was found to inflate when the assumptions made for ω F and ω B in the branch-site test were violated, where background branches were strongly negatively selected (ω B = 0) or positively selected (ω B = 5). In addition, under a similar condition, false-positive results were often obtained even when Bonferroni correction was conducted and the FDR was controlled in a large-scale analysis. False-positive results were also obtained even when c N for the foreground branch was smaller than the minimum value required for detecting positive selection. It should be noted that, in the LRT of the branch-site test, 2ΔlnL was assumed to follow χ 1 2 despite the fact that 2ΔlnL was asymptotically distributed as an equal mixture of a point mass on 0 and χ 1 2 to make the test conservative. The false-positive rate would be even greater if the correct distribution was used. The existence of a codon site with a possibility of occurrence of multiple nonsynonymous substitutions for the foreground branch appeared to be mostly sufficient for explaining false-positives for the branch-site test, especially when the ω F and ω B values were relatively small. In fact, such a codon site existed in most of the positively selected genes detected in the computer simulation and in the real data analysis. Since the branch-site test is intended to detect a group of codon sites with ω 2 > 1, genes containing such codon sites are likely to be detected as positively selected. However, such a codon site can be generated by chance without positive selection, and the branch-site test tends to detect positive selection even in this case, as shown in the computer simulation. In addition, in the real data, the frequency of codon sites with the occurrence of substitutions at multiple codon positions appears to be high (Dayhoff et al., 1972; Averof et al., 2000; Whelan and Goldman, 2004) . These observations indicate that many of the positively selected genes detected by the branch-site test that contain a codon site with c N > 1 for the foreground branch are false-positives in the real data analysis.
